Gradient index optics plays a major role in micro-optics and micro-photonics to efficiently manipulate light using compact and simple shape optics[@b1][@b2][@b3][@b4][@b5][@b6]. This attribute has driven a number of applications notably in fiber-optic communication, or optical medical devices where they can be used for low-aberration imaging in a space-effective way[@b7][@b8][@b9]. In the context of infrared detection and notably mid-infrared imaging, flat gradient index (GRIN) lenses represent an attractive solution to enhance the photometric performances by concentrating light onto ever smaller active areas. In fact, the ability to focus light directly at the pixel level is highly desirable to reduce the detector volume and its thermal noise, while having an optimal footprint and resolution. However, challenges still remain in the integration of light concentrators with dimensions compatible with the small detector size and pitch.

The interest in down-scaled GRIN lens was recently renewed in the track of metamaterials (MM) studies[@b10][@b11][@b12][@b13][@b14] because such engineered structures offer unprecedented control over the achievable refractive index. In this context, compact designs of Metamaterial GRIN lens derived from transformation optics (TO) methods were reported[@b15][@b16].

It was notably suggested to design a flat metamaterial layer analogous to the Maxwell fisheye and Luneburg's lens for which the refractive index corresponds to the stereographic projection of a sphere on a plane[@b17][@b18]. MM made of toroidal inclusions were proposed to achieve the hyperbolic secant index profile[@b10][@b11], known to produce stigmatic images[@b19] and corresponding to the Mercator projection of a sphere on plane[@b17][@b18]. Based on these simulation results[@b10], it appears that a few micrometer thick MM layer of small volume (in the order of λ^3^) can produce the required tight and efficient focusing in the mid-IR with a negligible footprint. Standard GRIN lenses of different materials with continuous index profile can be fabricated via different techniques such as Chemical Vapor Deposition (CVD)[@b20], ion exchange[@b21][@b22][@b23], thermal[@b24] and UV polymerization[@b25] but all these techniques typically lack both spatial resolution and sufficient refractive index contrast to scale down the lens size.

So far, MM GRIN lenses were realized and tested in the acoustic and microwave domains[@b26][@b27][@b28]. For shorter wavelengths, micro-scaled GRIN lenses with a soft, continuous, gradient index distribution in a polymer block were proposed[@b29] by spatially tuning the cross-linking of the photopolymer under different irradiation conditions. However, the achievable contrast of refractive index measured in the visible is very low (\~0.01) and no experimental demonstration of light focusing effect was shown. In the field of diffractive optics, flat lenses based on photonic crystals[@b30] or blazed binary gratings[@b31] were also proposed for imaging purpose. For such structures, the pitch is comparable or larger than the wavelength and their response is chromatic. Thus, the possible roads to achieve the fabrication of the proposed MM GRIN lenses in the infrared range (e.g. between 5--11 μm) with the required subwavelength discretization step and a sufficient index contrast still have to be explored.

In this work, the fabrication of functional IR MM GRIN lenses is carried out using a 3D lithography technique based on Two Photon Polymerization (TPP) of photopolymers. This technique is distinguished by its flexibility, swiftness to fabricate complex 3D microstructures, and its high spatial resolution able to produce minute details (\<100 nm) over relatively large scale (\>100 μm). In addition, for reasonably small concentrator thickness (e.g. \<10 μm), a number of transparencies windows are present in the infrared range. Thus the microstructured polymer thick film was used as the final material without the need of further transfer processes. This makes TPP very suitable for direct realization and optimization of functional 3D MM concentrators prior more demanding conventional photolithography and etching processes. The possibility of rapid prototyping of 3D designs and testing makes it possible to adopt an iterative approach of simulation, fabrication and characterization.

Results
=======

Infrared concentrator design
----------------------------

In order to design the MM GRIN[@b32][@b33] lens, shortly referred to as "MM concentrator", our approach consists in creating an effective radial refractive index profile *n(r)* by introducing an adequate concentration of subwavelength holes in the polymer block (cf. [Fig. 1(a)](#f1){ref-type="fig"}). The ideal hyperbolic secant distribution previously proposed to focus light[@b34][@b35][@b36] with MM is expressed as:

where, *n*~*o*~ is the refractive index of the bulk polymer at the concentrator center at *r* = 0, and *n*~*ro*~ is the minimum refractive index of the porous polymer at the concentrator edge at *r* = *r*~*o*~. For an incident parallel beam, such profile is known for long[@b19] to produce repeated astigmatic focus spots within the graded index material, that are characterized by a pitch length 4*f* = 2*π*/*α*. The position of the first spot with respect to the first interface is equal to *f* and can be calculated considering the pixel size (*r*~*o*~), and the achievable refractive index ratio. This quarter pitch distance corresponds to the flat lens thickness needed to obtain the best focus exactly at the second interface. However, this thickness can be further decreased (*t* \< *f*) to produce a spot in the external air medium, in the vicinity of the second interface. The aberrations are minimal as long as the focus spot is kept within a subwavelength distance from the interface. While it is interesting to work with the smallest thickness *t* to speed up and facilitate the fabrication process, simulations show that a minimum thickness is required for a given pixel size (e.g. 2*r*~*o*~ \~ two wavelengths) to achieve a correct operation. In the case of wavelength-scale concentrator, the paraxial formula giving the working distance from the second interface[@b37] strongly overestimates the spot position for such wavelength-scale structures and electromagnetic simulation should be carried out to determine more precisely the short working distance for different *t*. An alternative analytic estimation was derived by neglecting the impact of the radial propagation in the material on the phase of the rays. By considering only the longitudinal optical path *l*(*r*) = *n*(*r*)\**t*, needed *t*o transform an input plane wave front into an output spherical wave of the form exp (*ik*(\|***r*** − ***r***~***f***~\|)), focusing in ***r***~*****f*****~ at a working distance *WD* from the interface, the following relations are then obtained:

where *k* = 2*π/λ* is the free space wave number. Using the latter relation, *WD* and *r*~*o*~ can be freely chosen for an achievable index contrast *δ*n = *n*~*ro*~ − *n*~*o*~, thus determining the thickness t and the required refractive index profile *n*(*r*). The [Fig. 1(a)](#f1){ref-type="fig"} exemplifies the refractive index profiles similarity given by the two approaches for typical parameters used in this work. The index profiles are almost identical within the small concentrator region (*r* \< *r*~*o*~). While the above formula provides a coarse estimation for the wavelength-scale concentrators' parameters (*t*, *n*(*r*)), the working distance revealed by electromagnetic simulations tends to be much smaller than the input value WD when *t* is smaller or approximately equals to the wavelength. These aspects are discussed in the [Supplemental Material](#S1){ref-type="supplementary-material"} [(Supplemental Fig. S1)](#S1){ref-type="supplementary-material"}.

Effective index determination
-----------------------------

In order to achieve the nearly equivalent distributions given by [eqs 1](#eq1){ref-type="disp-formula"} or [2](#eq2){ref-type="disp-formula"}, the porosity of the material is engineered with the inclusion of subwavelength air holes inside the material, as shown in [Fig. 1(b)](#f1){ref-type="fig"}. The actual size of the square holes is deduced from the required effective permittivity ***ε***~e~ = *n*^2^(*r*) using the effective medium described by the Maxwell-Garnett equation[@b38]

where ***ε***~0~ =  and ***ε*** = 1 are the permittivities of the resist and background (air), respectively, and *F*(*r*) is the filling fraction equals to the cross-sectional areas of the material (***ε***~0~) normalized by the surface of the cells visible in [Fig. 1(b)](#f1){ref-type="fig"}.

The negative liquid photoresist is a mixture made from Pentaerythritol triacrylate (PETA) which has been widely used as polymerizable monomer to fabricate micro-optical elements[@b39][@b40][@b41][@b42], and 2.4% of Irgacure 819 (Irg 819) as photoinitiator[@b43].

To determine the possible spectral range of operation, the transmission of the considered polymer was measured by Fourier transform infrared spectroscopy (FTIR) technique. The infrared refractive indices of the bulk polymerized resist were also estimated by spectroscopic ellipsometry, in order to determine for each wavelength[@b44] the maximum refractive index available n~o~ (without porosity). The result is shown in [Fig. 2](#f2){ref-type="fig"}. For the actual design, two operating wavelength ranges near 5.6 and 10.4 μm were selected close to the emission lines of our available laser sources. For these wavelengths, the real refractive index *n*~*o*~ is found to be close to 1.32 and 1.72, respectively.

MM concentrator optimization
----------------------------

Small concentrator sizes compatible with a possible integration at a pixel level were selected. Concentrator areas slightly smaller than 3λ^2^ (11 μm ∗ 11 μm and 18 μm ∗ 18 μm, respectively) were hence designed, with short working distances *f* close to *λ* (1 and 2.1 μm, respectively). For such parameters and considering the material absorption an optimum metamaterial layer thicknesses were found by simulation to be about 3 and 6 microns, respectively, resulting in concentrator volumes of about 1.5λ^3^. The width of the subwavelength square holes radially increases from 240 nm to 600 nm for the first concentrator and from 450 nm to 1.2 μm for the second one (i.e. from about λ/20 to λ/8).

The 3D photo-polymerization was performed using a femtosecond TPP-based technique from Nanoscribe. Such Direct Laser Writing (DLW) was used extensively in the past few years to realize nearly arbitrary 3D patterning[@b45][@b46]. In order to obtain the required high spatial resolution, we have studied the behavior of our photoresist by measuring the polymer linewidth obtained for different scan speeds. Linewidth down to 75 nm were obtained and are reported in [Supplemental Information](#S1){ref-type="supplementary-material"} (cf. [Supplemental Fig. S2](#S1){ref-type="supplementary-material"}). For both structures, a constant writing speed of *v* = 75 μm/s was found to be satisfactory compromise between resolution and speed to process the whole structure in about 4 hours.

[Figure 3(a,b)](#f3){ref-type="fig"} show the SEM images of the experimental realizations having dimensions optimized for two different wavelengths, i.e. 10.4 μm and 5.6 μm respectively. The first structure was made with the above mentioned scan speed at a laser power of 7 mW. In order to minimize the diffraction by the structure edge, the concentrator was integrated in a thin square block of polymer of 150 μm size. The second one was written at the same speed but at a slightly smaller light power of 6 mW to achieve smaller dimensions (the writing linewidth is about 80 nm). In that case, an impedance matching was done by embedding the structure in a 75 μm wide grid 0.6 × 0.6 μm^2^ square holes in order to obtain the same effective refractive index as this of the concentrator edge.

[Figure 4](#f4){ref-type="fig"} shows a 3D electromagnetic simulation of the MM structure designed at 10.4 μm, illuminated from the bottom by a plane wave polarized along the *x* axis direction. The field intensity is normalized by the field intensity obtained without the MM lens. The spot size obtained for the discretized profile is slightly smaller than *λ* (7.6 and 5.2 μm measured along the *x* and *y* axis respectively at Full Width Half Maximum). In fact, compared to simulations performed on a concentrator with a continuous index distributions (shown in the [Supplemental Fig. S3](#S1){ref-type="supplementary-material"}), the working distance is found to be shorter (2.1 μm *vs* 7.5 μm) and the focusing is a bit tighter. This can be understood by the fact that the refractive index profile tends to be higher in the center of the MM refractive index distribution due to the rather large discretization step. The discretization also introduces some anisotropy between the transverse and axial planes which is not accounted by the isotropic effective medium theory employed.

Infrared characterization
-------------------------

The focusing effect of the fabricated structures was imaged with the IR set-up shown in [Fig. 5(a)](#f5){ref-type="fig"} using an IR camera assisted by a visible light microscope. The later was adjusted for each wavelength to image the same object plane than the IR camera by simultaneously imaging a bright point scatterer. The measurements were done in transmission on each structure with two available quantum cascade laser sources (5.67 μm or 10.37 μm). A ZnSe aspheric lens with a numerical aperture *NA* = 0.4 was used as an objective lens leading to a theoretical Abbe resolution limit of about *9* and *16* μm, respectively.

The obtained IR images in [Fig. 5(b,d)](#f5){ref-type="fig"} and profiles in [Fig. 5(c,e)](#f5){ref-type="fig"} reveal the presence of a focus spot in the immediate vicinity of MM lens. One can see from these far-field images that the first MM lens designed for the 10.37 μm exhibits the expected, mostly diffraction limited spot as can be judged by comparing the experimental profile and the point spread function of the objective lens shown in [Fig. 5(c)](#f5){ref-type="fig"}. In comparison, the smallest MM lens designed for the 5.67 μm presents a more modest confinement mainly due to the smaller *n*~*o*~ value (about 1.32 *vs.* 1.72) and index contrast (about 0.23 *vs.* 0.53). On both images, the spots are surrounded by a dark region spreading over zones where the polymer fraction is higher. This observation is attributed to the remaining absorption of the polymer. This absorption was confirmed by the FTIR spectrum shown in [Fig. 6](#f6){ref-type="fig"} of a 6 μm layer of UV that shows a transmittance of 68% at 10.37 μm. A smaller light transmittance was observed at 5.67 μm due to the proximity of a sharp absorption peak. While the resist formulation used for the transmittance measurement is the same than the concentrator material, caution must be exercised in the determination of the real absorption value since the polymerization process for the UV-cured resist is not the same as the TPP induced by the DLW. Experimental intensity enhancement of 2.5 and 1.5 are obtained while enhancement factor of 3.6 and 2.3 are expected from 3D simulations taking into account the polymer losses experimentally measured for the two different wavelengths. We also note the presence of some unwanted scattering near the edges of the structures producing relative intensity peaks of about 1.5. The experimental enhancement factors were estimated by dividing the image of the focus spot by the signal measured with the same microscope in a zone on the sample surface where no polymer is present. Therefore, the measured enhancement in the concentrator center is also lowered by the polymer absorption as for the simulations.

In summary, interesting performances were achieved by the larger concentrator, where the experimental 2.5 factor obtained here could represent approximately the same detector volume reduction providing ideally a similar thermal noise reduction. While the spot where imaged at precise wavelengths, we point out that the focusing properties of the MM are not strongly chromatic within a transparent region. Also, the adopted 2D design makes it compatible with a possible reactive ion etching transfer within a robust material such as Si that should provide stronger enhancement due to the higher *n*~*o*~ and achievable δn value.

Conclusion
==========

In conclusion, we have designed, simulated, fabricated and investigated IR concentrators at two infrared operating wavelengths near 10.4 μm and 5.6 μm. The general design rule has been described for the fabrication of these MM based GRIN lenses that can find a natural application for focusing light at the pixel level inside or outside the IR domain. The structures were made by direct laser writing of a homemade triacrylate polymer featuring high spatial resolution using the two photon absorption technique. The results showed a clear light focusing through the wavelength-scale concentrators (\~1.5*λ*^3^) with a maximum intensity increase by a factor of 2.5 for the larger concentrator, and a lesser increase for the smaller concentrator due to reduced refractive index contrast and residual polymer absorption. Considering that the MM concentrator slabs are invariant in the axial direction and not too thick, it is foreseen that similar structures could be made using other high refractive index materials such as silicon and more conventional 2D based lithography coupled with deep reactive ion etching. The developed MM lens also offers an interesting flat platform in its center, where light can be concentrated, for additional light manipulation such as plasmonic lensing.

Methods
=======

Measurement of the transparency windows
---------------------------------------

Transmission FTIR was performed in order to detect the possible operational, transparent, zones of the resist in the IR domain. To perform the measurement, the resist was tightly sandwiched between two NaCl substrates with a spacing of *6* μm, thus defining the polymer slab thickness. The FTIR transmittance spectrum is shown in [Fig. 6](#f6){ref-type="fig"} (black curve). The transparency windows identified with the FTIR technique are qualitatively accounted for by the transmittance calculated from the extinction index values extracted by the spectroscopic ellipsometry technique (red curve).

Spectroscopic ellipsometry
--------------------------

The measurement was performed on the polymer film deposited on Si substrate by using a home-built rotating polarizer ellipsometer coupled with a FTIR. The optical constants are deduced from the ellipsometric parameters tanΨ and cos Δ assuming a simple system composed of a film deposited on a silicon substrate. The film thickness is first estimated from ellipsometric measurements in the visible spectral range by using a phase modulated ellipsometer (Horiba Jobin Yvon, UVISEL). Then, a wavelength by wavelength inversion[@b42] is used to determine the complex refractive index of the PETA-based polymer.

3D Direct laser writing
-----------------------

The femtosecond laser beam (repetition rate: *100* *MHz*, wavelength: *λ*~*DLW*~ = 780 nm, pulse duration: \<*140 fs*) is focused into the sample by a high numerical aperture objective lens (NA = 1.4). The TPP fabrication process is monitored in real time via the same objective lens by a CCD camera; the polymerized structure being visible due to the induced changes in the refractive index of photosensitive material. Because most of the IR-transparent substrates are too thick or opaque at the fabrication wavelength, the liquid resist was sandwiched between a thin glass coverslip (170 μm thickness) transparent at *λ*~DLW~, and a thick substrate of NaCl (transparent in the IR domain) separated from the coverslip by a 17 μm spacer. The writing was then made onto the NaCl substrate through the glass coverslip. Following the exposure, the sample cell was rinsed in isopropanol during 30 minutes to remove the unexposed resist. Details regarding the achieved spatial resolution are given in [Supplemental Information](#S1){ref-type="supplementary-material"}.
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![(**a**) Example of refractive index profiles given by the secant hyperbolic relation (in cyan); the derived expression (dashed red), and corresponding discretized refractive index (dark blue) along the diagonal profile shown in the device top view. (**b**) Top view of the device. The square holes sizes are position dependent.](srep33627-f1){#f1}

![Real and imaginary parts of the polymer refractive index obtained from infrared ellipsometric measurement, by using a wavelength by wavelength inversion method[@b44].](srep33627-f2){#f2}

![(**a**) SEM top view of the MM concentrator designed for a wavelength of 10.4 μm integrated in a 150 μm thin polymer block. The inset is a SEM side view of MM concentrator; (**b**) SEM top view of the MM concentrator designed for 5.6 μm.](srep33627-f3){#f3}

![3D Finite Difference Time Domains (FDTD) simulation of the MM concentrator spot (energy density enhancement) at λ = 10.4 μm for the 6 μm high concentrator.\
(**a,b**) Axial cross-sections in the (x, z) and (y, z) plans respectively for an incident plane wave polarization along x. (**c**) Simulation in the (x, y) transverse plan at the focus maximum for the same incident plane wave. (**d**) Simulation in the (x, y) transverse plan at the focus maximum for a circular polarization, calculated by averaging the energy densities of a x-polarized and a y-polarized plane wave.](srep33627-f4){#f4}

![(**a**) Schematic representation of the experimental setup. (**b**) IR CCD image of the larger concentrator at a wavelength of λ = 10.4 μm. The image is normalized by the intensity recorded without polymer structure. (**c**) Related intensity profile measure along the segment marked by black arrows in (**b**). The profile of the point spread function of the objective lens is shown in dashed red. (**d**) Normalized IR CCD image of the smaller concentrator at a wavelength of λ = 5.67 μm. (**e**) Related intensity profile measured along the segment marked by the black arrows in (**d**).](srep33627-f5){#f5}

![FTIR and ellipsometric measurements carried out on a polymerized resist film with a thickness of approximately 6 μm.\
The two spectra allow us to identify transparency windows in the IR domain. The selected IR wavelengths are shown in red.](srep33627-f6){#f6}
